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Abstract—This paper describes a hybrid computational method 
which efficiently models the interaction between a small antenna 
placed in proximity with the human body. Results for several test 
cases of placed in different locations on the body are presented 
and discussed. The near and far fields were incorporated into the 
study to provide a full understanding of the impact on human 
tissue. The cumulative distribution function of the radiation 
efficiency and absorbed power is also provided. The antennas are 
assumed to be operating over the 2.4 GHz and 5.2 GHz WLAN 
frequencies. 
 
I. INTRODUCTION 
In wireless communications the finite difference time 
domain (FDTD) method has become very well established as 
a both as a design and general analytical tool due to its 
comparative simplicity, robustness, and capability for 
handling inhomegeneity within volumetric complexity [1][2]. 
The introduction, by Taflove, of the total-scattered field 
formulation provided a major step forward in practical 
implementation [2], allowing algorithms to be implemented 
using incident plane waves from arbitrary directions. The 
computational FDTD domain is discretised into a number of 
cells which are scaled as a fraction of the wavelength. The 
associated time step must be kept small during the simulation 
to satisfy the Courant-Freiderichs stability criterion [2][3]. An 
absorbing boundary condition (ABC) must be applied to the 
outer boundary of the FDTD space to obtain the necessary 
spatial resolution to represent electromagnetic wave 
interactions in unbounded regions – i.e. to simulate the 
extension of the finite lattice to infinity. The ABC should be 
able to absorb the outwardly travelling waves with an 
extremely low reflection. The perfectly matched layer 
introduced by Berenger [4] allows boundary reflections better 
than -80 dB to be realized. FDTD is currently the most widely 
used method for numerical dosimetry, particularly for the field 
analysis required to estimate mobile handset radiation effect 
on the human body [5-9]. 
This paper presents a hybrid method to model the human 
body interaction with a dual band balanced antenna structure 
covering the 2.4 GHz and 5.2 GHz bands. The near and far 
field performance of the antenna is investigated, with the 
antenna mounted on several locations of the human body. The 
radiated and absorbed power distributions are computed for 
the antenna in the various locations, and with different 
polarizations. From this we may infer the radiation efficiency 
of the balanced antenna operating in proximity to the human 
body; the cumulative distribution function (CDF) of the 
radiation efficiency for these locations is also evaluated. 
 
 
Figure 1: Hybrid MoM/FDTD configuration for the single source  
and scatterer geometries 
 
II. THEORETICAL FORMULATION  
Consider the electromagnetic geometry indicated in Fig. 1. 
This shows two regions, one representing the source region A, 
and the other the scatterer B. The source region is bounded by 
a closed Huygens surface Sc. The method starts by computing 
the fields due to the real currents of the source region 
(previously evaluated from the internal excitation) on the 
surface Sc, excluding the scatterer region B. These fields are 
computed by applying Galerkin's method with set of variable 
polynomial basis functions [10].  
The equivalent surface currents on the surface Sc represent 
the outward travelling wave-fields from the source to the 
scatterer, due to the fields of the source region A, these may 
be written as: 
 
𝑱𝑖𝑓 = 𝒏 × 𝑯𝑖𝑓  (1) 
𝑴𝑖𝑓 = 𝑬𝑖𝑓 × 𝒏 (2) 
 
where 𝒏 is the outwardly directed unit normal to the surface 
from the source region. 𝑯𝑖𝑓 and 𝑬𝑖𝑓 are the forward scattered 
fields from the source region A on the equivalent surface Sc. 
𝑱𝑖𝑓  and 𝑴𝑖𝑓  are the equivalent electric and magnetic source 
currents on the surface Sc. Thus these currents are treated as 
the source in the FDTD domain, propagating fields to the 
scatterer by using the E and H curl equations as follows: 
 
∇ × 𝑬 = −𝜕𝑡𝑩 −𝑴𝑖𝑓 (3) 
∇ × 𝑯 = 𝜕𝑡𝑫 + 𝑱𝑖𝑓 
 
(4) 
The FDTD updating equations for the field components are 
expanded with a three-dimensional modified total/scattered 
FDTD formulation for the special components on the Huygens’ 
surface, while the rest of the problem space field components 
follow the normal updating equations.  
The back-scattered fields were computed by FDTD at 𝑆𝐶− 
(the closed surface interior to the surface Sc and bounding the 
region A). This surface is closed in the scattered field region, 
so that the calculated surface currents are due the scattered 
field only. The equivalent surface currents due to these fields, 
representing an additional source to the MoM domain (region 
A), are given by: 
 
𝑱𝑖𝑏 = 𝑯𝑖𝑏 × 𝒏 (5) 
𝑴𝑖𝑏 = 𝒏 × 𝑬𝑖𝑏  
 
(6) 
where 𝑯𝑖𝑏  and 𝑬𝑖𝑏  are the back-scattered fields computed at 
𝑆𝐶
−. Note that 𝒏 is as above, directed outwards from the source 
region. 𝑱𝑖𝑏  and 𝑴𝑖𝑏  are the electric and magnetic equivalent 
surface currents at 𝑆𝐶−. Now, the voltage back scattered (the 
excitation for the MoM) on the source region can be evaluated 
using either of the following equations, defined by reciprocity 
theorem in the same way as in [10]: 
 
𝐕𝑏 = 〈𝑱𝑖𝑏 ∙ 𝑬𝑚𝑠 − 𝑴𝑖𝑏 ∙ 𝑯𝑚𝑠 ,𝑑𝑺𝐶−〉  
(7) = �𝑑𝑆𝐶−(𝑱𝑖𝑏 ∙ 𝑬𝑚𝑠 − 𝑴𝑖𝑏 ∙ 𝑯𝑚𝑠)
𝑆𝐶
−
 
where 
𝑬𝑖𝑏 = −𝑗𝜔𝑨(𝒓) − ∇𝑉(𝒓) − 1𝜖 ∇ × 𝑭(𝒓) 
𝑨(𝒓) = 𝜇�𝑑𝑆𝐶−{𝑱𝑖𝑏𝐺(𝒓, 𝒓′)}
𝑆𝐶
−
 
𝑉(𝒓) = −𝑗
𝜔𝜖
�𝑑𝑆𝐶
−
𝑆𝐶
−
{∇𝑆′ ∙ 𝑱𝑖𝑏𝐺(𝒓, 𝒓′)} 
𝑭(𝒓) = 𝜖�𝑑𝑆𝐶−
𝑆𝐶
−
{𝑴𝑖𝑏𝐺(𝒓, 𝒓′)} 
𝐺(𝒓,𝒓′) is the free space green function. The vectors 𝒓 and 𝒓′ 
apply to the source and observation points respectively and Sa 
is the conducting surface area of the structure within region A. 
𝑱𝑚𝑠 is the electric test function used on the wire. 𝑬𝑚𝑠 and 𝑯𝑚𝑠 
are the electric and magnetic fields respectively for the test 
function 𝑱𝑚𝑠. 
Equation (7) explicitly requires a double integral to evaluate 
Eib and integrate over the surface on the antenna; assuming 
that the FDTD discretisation is very small compared to the 
operating wavelength. In this case Equation (7) can be 
reduced by ignoring the surface integral and evaluating the 
voltage back-scattered corresponding to the centre of the cell 
surface, by a summation over grid cell surfaces, to get the 
following equation for the hybrid MoM/FDTD case: 
 
𝐕𝑏 = ��𝑱𝑖𝑏𝑘 ∙ 𝑬𝑚𝑠(𝒓𝑘, 𝒓′) −𝑴𝑖𝑏𝑘𝑛𝑆𝐶−
𝑘=1
∙ 𝑯𝑚𝑠(𝒓𝑘, 𝒓′)� 𝑎𝑘 
 
 
 
(8) 
where 𝒓𝑘 is the position vector of the centre of the cell surface 
and 𝑎𝑘  is the surface area of the cell surface. Therefore 𝑱𝑖𝑏𝑘 
and 𝑴𝑖𝑏𝑘 are considered to be the equivalent surface currents 
at the centre of the surface cell 𝑛. Since the excitation voltages 
are known, the MoM can be executed to compute the new 
currents and the procedure can be repeated until the steady 
state solution is reached. 
 
III. THE ANTENNA 
The antenna adopted in this study has been previously 
described by the authors in [11]. The antenna structure is a 
compact balanced dual band device, constructed by folding a 
thin strip planar dipole with an extra arm on each proposed 
monopole. The balanced design is intended to reduce the 
current flow on the conducting surface of the user terminal 
chassis. As a result the antenna has good efficiency, and 
maintains performance when held in proximity with the 
human body. This particular device was designed for short 
range WLAN communications operating in the 2.4 GHz (2.4-
2.4835 GHz) and 5 GHz (5.15-5.35 GHz & 5.650-5.925 GHz) 
bands.  
 
IV. HYBRID MODEL METHOD 
This process begins by introducing a Huygens’ surface 
around the balanced antenna. The equivalent electric and 
magnetic source on the Huygens’ surface are produced at each 
time step from the electric and magnetic fields created by the 
antenna in free space using NEC [12]. This field data is used 
as an input source for the FDTD code. The Huygens’ box is 
set as shown in Fig. 2, with volume of 30×24×54 FDTD cells. 
The FDTD method is applied over the entire computational 
domain. The equivalence principle is carried out in 3D by 
applying the hybrid electromagnetic method described in [13] 
with cell size dx=dy=dz= 6.0mm, and time step dt=5ps. A 6 
cell PML is used to terminate the FDTD space, and the 
distance between the antenna and face of the box will be set to 
2 cells. The human body model used in this study is known as 
the “Visible Man”, the tissue-classified numerical model for 
which was developed at Brooks Air Force Base, San Antonio, 
TX [14]. 
 
 
 
 
Figure 2: The balanced antenna 
with the equivalent Huygens box 
Figure 3: Human body model and 
the balanced antenna locations 
 
    
(a) (b) 
Figure 4: Total electric field (dB) distributions when the mobile located 
in horizontal position, (a) Back Location,(b) Front Location 
 
A. Near field and Far field 
In order to investigate the performance of the antenna in 
proximity to the human body, the near and far field radiation 
of the antenna for different locations has been considered, as 
illustrated in Fig. 3. A total of 32 locations were investigated; 
16 locations on the back, and 16 on the front, were taken. Due 
to the electric field distribution of these points being quite 
similar to each other, only one position for each case was 
demonstrated. Fig. 4 illustrates the electric field distribution in 
the neighborhood, and inside the human body, for the central 
y-z and x-y planes (dB scale) for the vertically polarized 
antenna position. Further simulations were performed on the 
radiation performance using the same antenna locations, but 
with different polarizations, these were found comparable to 
the other polarization.  
The results of the investigation were conclusive, and made 
clear that regardless any changes in the polarization, the 
electric field distribution was almost the same when the 
mobile positions were changed. Again, as one may expect 
with the electric field distribution of these points being quite 
similar to each other, only one position for each case was 
demonstrated. Fig. 4 clearly illustrates the gulf between the 
two types of position: i.e. facing the human tissue (and its 
surrounding area), and that facing away. When the antenna is 
very close to the human tissue, the surrounded fields are much 
stronger, and this is clearly indicated in the figures.  
Fig. 5 illustrates the far field components of the cases under 
investigation, the fields for y-z and x-y planes are normalized 
to one 1 watt input power. From the pattern variations it is 
clearly evident that the fields were considerably stronger in 
the direction directly facing the normal axis of the handset 
antenna, and consequently away from the human tissue. 
 
Y-Z X-Y 
  
(a) 
  
(b) 
Figure 5:  The far field patterns at 2.45 GHz yz, xz and xy planes; for 
vertical  polarization (a) Back Location,(b) Front Location; where ‘o-o-o’ 
computed Eθ and ‘x-x-x’ computed Eφ. 
 
Consequently, it is no surprise to notice the reduced field 
magnitudes caused by the tailing effect of the human body 
falling approximately between 20 dB and 25 dB. However it 
should be noted that for horizontal polarization the field 
distribution was quite similar to the vertical one in both 
manifestation and impact and thus are not presented here. 
 
B. Cumulative Distribution Function of the Radiation 
Efficiency 
The absorbed power and radiated power are recorded from 
the simulation results. The radiation efficiency for the 
balanced antenna can be calculated using the following 
formula:  
 
ef�iciency (η) = PradiatedPin + Pabsorbed (9) 
 
The cumulative distribution function (CDF) is evaluated for 
each location in order to estimate the probability of the power 
absorbed and radiation efficiency on the human body. Fig. 7 
shows the radiation efficiency, and power absorbed values, 
and their associated CDF evaluated when the mobile placed 
on these locations. The CDF of the radiated and absorbed 
power is difficult to predict from the results collected due to 
the limited sample size generated through the simulation. 
Recognising the constraints surrounding memory and 
simulation time, a total of 32 different locations (in line with 
the rest of the simulation) have been considered, with a view 
to extrapolating the necessary data. The data from these 
locations was combined to obtain probability of the efficiency, 
and can be obtained from Fig. 6. The radiation efficiency 
values increase as the handset moves from the back to the 
front of the human body. Hence, these figures clearly indicate 
that the CDF achieves better radiation efficiency (in the 
neighbourhood of 40% better) when the mobile been placed 
on the front of the human model compared to the case of the 
back position. The reasoning for this appears to be due to a 
loss of characteristics in the tissue at the front, and a greater 
degree of absorbed power, as can be seen from the figure.  
 
  
(a) 
  
(b) 
Figure 6: The cumulative distribution function of the radiation effeciency 
and Pabsorbed/Pradiated when (a)Vertical polarization , (b)Horizantal polarization 
 
In line with our expectations, the figures confirmed that the 
CDF has similar curves for horizontal and vertical cases for 
both locations. In addition, it can be reported from Fig. 6 and 
subsequent calculations, it is evident that standard deviation of 
the radiation efficiency when the mobile is located in the front 
is less compared to back location. Taking the previous 
simulation results into account, we may safely conclude that 
altering the position of the antenna on the front will not results 
in a large dispersion in the radiation efficiency. Furthermore 
the CDF has similar curves for horizontal and vertical cases 
for both locations. 
 
V. CONCLUSIONS 
A hybrid MoM/FDTD approach has been adopted for 
modelling the human body interaction with short range dual 
band balanced antennas. A total of 32 locations on the human 
body were investigated, 16 on the back and 16 on the front. In 
order to ensure the optimal quality of results were achieved 
through this limited sample, each point was investigated using 
two polarisations; essentially both horizontal and vertical 
polarisations. Furthermore, both the far and near fields were 
incorporated into the study to heighten the understanding of 
the impact on human tissue both facing the antenna, and not 
directly facing the antenna. The cumulative distribution 
function of the radiation efficiency at these locations was also 
computed. The results support the conclusion that there was a 
clear improvement in the front compared to the back. 
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